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ABSTRACT

The thermodynamic and chemical properties of liquid metals
and molten salts continue to be of interest. Partial phase
diagrams for the lithium-sulfur and lithium-tellurium systems
are reported. Pseudo-ternary systems of the type lithium
chalcogenide-chalcogen-alkali halide eutectic have been studied
by several techniques, including emf measurement, and thermo-
dynamic and phase data are reported. Refinements in a model
for calculating the solubility of noble gases in liquid metals
have been made. Raman spectroscopy has been used to study the
structure of divalent metal halides and polyatomic anions in
melts. Preliminary studies of lithium-hydrogen-metal systems
of importance to fusion reactors are reported. A study of the
homogeneous nucleation of vapor bubbles in superheated liquids
has been started.

SUMMARY

Liquid Metal Studies

Thermodynamics of Liquid Metals. Phase equilibria in the lithium-
sulfur and lithium-tellurium systems are being studied. In the lithium-
sulfur system, the only intermediate phase found is LipS, which melts near
1372°C. A miscibility gap extends from less than 0.5 to 36.8 at.% lithium
at the monotectic temperature of 365°C. The extent of the gap does not
appear to have changed at 508°C. Two intermediate phases are found in the
lithium-tellurium system: LijyTe (mp >825°C) and LiTe3 (mp Vv459°C). The
eutectic between LiTeg and tellurium (mp 449.8°C) occurs at v423°C whereas
that between LizTe and LiTe3 occurs at Vv448°C.

Lithium-Hydrogen-Metal Systems of Importance to Fusion Reactors.
Liquid lithium appears to be uniquely suited to act as the blanket
material in present conceptual designs for deuterium-tritium fueled fusion
reactors. Because much of the thermodynamic information on the lithium-
hydrogen, -deuterium, and -tritium systems is fragmentary, particularly for
conditions that are projected for fusion reactors, we have initiated a
program to study chemical activities and phase equilibria in these systems.
The results of these studies are expected to provide useful information
for the design of thermonuclear reactor fuel cycling and recovery




understanding of solutions of hydrogen in

processes and to add to our
liquid metals.

Theoretical Studies. udies of the solubility of gases
in liquid metals have continued. A dilute solutiOﬁ of a"nog%e;g:: S
element in a liquid metal can be considered as an ‘alloy whic 5 .
ciently simple in nature to permit calculation of its thermodynamic p

o =
i lized model. The solubilities of helium, argon,
P e e ated, are in reasonable

kr n, and xenon in liquid sodium, so calcul

agzzzgeét with experimental values and point the way t?ward fgrther res
finements. In particular, when the model calculatlon'ls applied to .
liquified argon, kryptorm, and xenon, the calculated d%spersion energies
fall short of the experimental ones by 5 to 15%, showing the need for the

inclusion of multipolar and vibrational effects.

Theoretical st

Molten Salt Studies

EMF measurements on Li/LiBr-RbBr/Li in Se cells have
ternary phase equilibrium involving
Interpretation

Thermodynamics.

been interpreted in terms of a pseudo-
selenium, electrolyte, and cell reaction products (LijSe).
as a simple binary system has been precluded by the significant mutual
solubilities of the ternary components. Phase boundaries within the
pseudo-ternary system at 360°C have been located by emf measurements.
system contains an interesting region of three-liquid immiscibility.
Thermodynamic data have also been obtained. Similar studies for sulfur-

containing systems are planned.

The

In order to complete the determination of the Se-(LiBr-RbBr eutectic)-
LipSe pseudo-ternary system, phase equilibrium studies are in progress to
investigate the compositions of phases at 360°C. Equilibrium phases at
various compositions are separated by high-temperature centrifugation and
analyzed both chemically and microscopically. The locations of the corners
of the three-liquid region have been determined and measurements of the

other phases are in progress.

Structure Investigations by Spectroscopic Methods. Raman spectroscopic
studies have demonstrated the existence of complex equilibria in Mg(II)-
and Pb(II)-halide systems, and in some cases the structures of the pre-
dominant complexes have been elucidated. The existence of the tetrahedral
complexes MgC142', MgBr42', and MgI42‘ has been confirmed both spectro-
scopically and by normal-coordinate analyses. The structure of the NaNH
has been examined in the solid and in the molten states. The NHo™~ ion
was found to be bent in both phases, and there was evidence of some form
of phase transition between 25°C and the melting point (204°C).

Nucleation Studies

A study has been initiated of the homogeneous nucleation of vapor
bubbles in superheated liquids. Initial experiments will be performed on
binary mixtures of normal alkanes to test recent theories on nucleation
in liquid mixtures. A key parameter in the theoretical expressions is
surface tension. Since experimental surface-tension data for alkanes at



elevated temperatures are not presently available, techniques are being
sought to estimate these values. An empirical relation that fits the
available surface-tension experimental data has been found.



I. LIQUID METAL STUDIES
(E. J. Cairns, F. A. Cafasso)

A. Thermodynamics

The Chemical Engineering Division has been carrying out research onf
liquid metals, including both the theoretical and exp§r19ental aspects o
several areas of importance to the Atomic Energy Comglsslon. 'These
investigations have dealt with (1) the behavior of liquid sodium (as a
coolant in nuclear reactors) and other alkali metals, (2) the therwodyna—
mic and electrochemical properties of electrochemical cells with liquid
alkali metals as anodes and liquid heavy metals or liquid chalcogens as
cathodes, and (3) phase diagrams of importance to these studies: Rec?ntly,
the study of lithium interactions with hydrogen isotopes—-—especially in
those respects which relate to fusion power--has been added to the ; k
program. Investigations have begun on the determination of the activities
of hydrogen isotopes in lithium as a function of hydrogen partial pressure
(or concentration), and on the interactions among lithium, hydrogen, and
the refractory metals that might be used in fusion-reactor walls.

1. Phase Equilibrium Studies of Binary Lithium-Chalcogen Systems
(P. T. Cunningham, S. A. Johnson)

a. Lithium-Sulfur System

Preliminary thermal data on the lithium-sulfur system have
been previously reported. Those data identify the thermal invariants of
the system which provide the basic form of the phase diagram as indicated
in Fig. I-1. Recent work has been directed toward determining the extent
of the miscibility gap, which exists on the sulfur-rich side of Li,S above
365°C, and the location of the upper liquidus separating liquid 2 (L2) and

solid LiZS.

Previous efforts to determine the extent of the miscibility
gap by chemical analysis of quenched samples were frustrated by failure of
the two phases to separate completely under normal gravity. This diffi-
culty was overcome by use of the high-temperature centrifuge described in
Section II.A.2 of this report. Sample mixtures having an overall composi-
tion near the center of the miscibility gap (about 18 at.% lithium in
sulfur) were prepared by mixing 97+% pure LiyS (supplied by the Foote
Mineral Company, Exton, Pennsylvania) with 99.999% pure sulfur (supplied
by the American Smelting and Refining Company, South Plainfield, New
Jersey). The samples, each weighing about 0.5 g, were placed in quartz
ampuls which were evacuated, sealed, and placed in a rocking furnace where
they were mixed for two days at 440°C. The ampuls were then loaded into
tye centrifuge where they were heated to about 25°C above the centrifuga-
tion temperature for twelve hours, followed by centrifugation at 1800 rpm
(250 g) for 6 to 7 hr prior to quenching in liquid nitrogen.

il 2 :
Chemical Engineering Division Annual Report--1970, USAEC report
ANL-7775, Section V.A.1.a(2) (in press).
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The quenched samples contain?d two distlncti{ d;ig:rigt
zones, presumably representing the two liquid p@ises p;eis cogor Py
quenching. The lower zone was somewhat gléss—ll e,t;e g %he
solved rapidly in water, and separated easily fr?m lebie . éater <
upper zone was rubbery, pale yellow, apparently inso ud A ﬁoto_
adhered strongly to the quartz. Each zone was analyzed by P

metry for lithium content, the sulfur being obFain?d b{ ilffgﬁeniiéciggf
analytical results are shown in Table I-1 and in Flg.a I'.h- eto wain
lity gap can be seen to extend from less than 0.5 at.Z lit 1umd
36.8 at.Z lithium at 365°C and does not appear to have narrowe

significantly at 508°C.

Location of the upper liquidus proved to be difficult
because the thermal effects associated with the liq?idus crossing were
not observed, and quenched samples could not bg polished well enough to
permit microscopic methods to be used. The failure of these classical
methods of liquidus determination led us to attempt a meth?d based on the
measurement of sulfur vapor pressure over lithium-sulfur mixtures as a
function of temperature and composition. The princip%e of th? method can
be briefly stated as follows. For a lithium-sulfur mixture with a com-—
position lying under the upper liquidus, the sulfur vapor PreSSure can
be expected to increase with temperature. At the monotectic temperature,
the rate of increase of pressure with increasing temperature should
abruptly decrease as the equilibrium shifts from Lizs(s) 5 Ll to LiZS(s) =
L., and the rate would be expected to increase again upon crossing the
upper liquidus. Thus, observation of the vapor pressure as a function of
temperature for several different compositions would locate the upper

liquidus.

The sulfur vapor pressure is determined by measuring the
absorption by the B3ZG < X337 transition in Sy vapor with a Cary Model 11
spectrophotometer. Saturated sulfur vapor contains very little S,, the
predominant species being the higher polymers 58’ S7, and Sg- However,
as the temperature of unsaturated sulfur vapor is increased, the Sp partial
pressure increases rapidly and S) becomes the predominant species. The
-experimental apparatus was therefore designed to fit into the spectro-
photometer sample compartment as indicated schematically in Fig. I-2. The
temperature of the condensed-phase sample, which determines the total
pressure in the cell, is maintained by a liquid metal bath such that it is
the coolest portion of the sample cell. The optical portion of the cell
is maintained at a temperature sufficiently high to insure that Sy is the
predominant vapor species over the pressure range studied (0.0l to 1.0
atm). The temperature of the connecting portion of the cell is maintained
between that of the optical portion and that of the sample.

The results of some preliminary experiments are shown in
Fig. I-3 along with the calculated Sy partial pressure over pure sulfur
based on total vapor pressure data of West and Menzies“ and the vapor

- W. A. West and A. W. C. Menzies, J. Phys. Chem. 33, 1880 (1929).



Table I-1. Results of Chemical Analysis of Quenched
Lithium-Sulfur Samples

Composition, at. % Li?

Temperature Prior

to Quenching, °C Lower Zone Upper Zone
375.0 36.6 0.62
37550 867 0.79
377.0 8708 0.34*
416.5 36.8 0532
416.5 36.0 0.31
456.0 36.8 D.21
456.0 38.5 0.20
508.0 37.1 0.17
508.0 S8 7/ @ 1I5

%overall composition of the samples was 18.0 at. 7%
Li except for samples marked with (*) where over-
all composition was 15.2 at. 7% Li.
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phase equilibrium constants of Detry et al.3 .The abscissa is recip;ocal
sample temperature.. The right-hand ordinateols.for the célculated‘ 2 :
partial pressure in unsaturated vapor at 750°C in Fhe optical p?rtlon'o
the cell. The left-hand ordinate is for the experimental data 1n.arb1trary
units of area under the B3Z; « X3z- absorption band as meas9re§ with a
planimeter. The slope obtained wifh the experimental data is in very good
agreement with that of the calculated data for pure sulfur. E*peflwe?tal
data for mixtures with overall compositions lying within the miscibility
gap appear much the same as those for pure sulfur, ind%cat%ng tbat the
sulfur activity is changed only slightly by added lithium in this ?o?cen—
tration range. Experimental data for mixtures with overall com?051t10ns
lying under the upper liquidus indicate that below the monotectic temperé—
ture the sulfur activity is altered little by lithium but that, a?ove this
temperature, the sulfur activity is significantly reduced. This is the
expected result.

At present, it is not clear that this experimental technique
is sufficiently precise to determine the temperatures of liquidus crossings.
Further work should clarify this point. If successful, this technique will,
in addition to locating the upper liquidus, provide a direct measure of the
activity of sulfur in this system.

b. Lithium-Tellurium System

Preliminary work on the lithium-tellurium phase diagram was
previously reported.4 Investigation of this system has recently been rein-
stituted in order to obtain a more precise and more complete phase diagram.
Classical thermal and X-ray techniques are being used. The phase diagram
shown in Fig. I-4, while it contains recent data, is essentially the same
as previously reported.

The presence of the intermediate phase LiTe,, which was
tentatively identified™ earlier, has been substantiated by the present
work. At room temperature, this Bhase has a body-centered cubic structure
with a lattice constant of 6.162 A. Direct preparation of an alloy having
the exact 1:3 stoichiometry has been difficult because the elements react
very vigorously. A sample was prepared which chemical analysis showed to
be 26.3 at.7 lithium. X-ray analyses of this sample showed LiTe, as the
major phase with a trace amount of LijTe. The density of the sample, as
measured with an air-comparison picnometer, was found to be 5.29 (+0.25)
g/cm3, which is in reasonable agreement with the calculated density of
LiTeg (5.531 g/cm3) based on the X-ray data.

Differential thermal analysis (DTA) and ordinary heating
and cooling curves were used to determine the thermal effects of the

3
D. Detry, J. Drowart, P. Goldfinger, H. Keller, and H. Rickert,

Z. Phys. Chem. (Leipzig) Neue Folge 55, 314 (1967).

4 4 ‘ " Ot
Chemical Engineering Division Semiannual Report--1968, USAEC report
ANL-7575, pp. 140-142 (1969).
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The results of these measurements areis:own %nbzzzlzrléiagﬁgte
i i ther nio
TA samples were contained in e ;
e - n alumina reference at a heating rate of
The reported temperatures are those of

system.
Fig. I-4.
capsules and were run against a

5 degrees centigrade per minute. ; : :
the intersection (the temperature at which the base line intersects an

extension of the linear portion of the fro?t slope of the peak) agd.peak
for eutectic and liquidus effects, respectively. Thg samPles use: 1nd

the heating and cooling curve experiments were'contalned in qua;;z an i
were vigorously stirred while above the eutectic tem?erature. k e pre
viously reported thermal data, which aFe also shown in Fig. I; ’1§pp?:r

to be systematically high, especially in the t?mperature.of.t e liquidus
crossing. This is attributed to the lack of vigorous stirring since
similar effects have been observed during the present work when the samples

were not stirred.

Attempts to measure the melting point of LiZTe have been
unsuccessful because of the difficulty of preparing a pure sample. The
melting point appears to be higher than 825°C. Preliminary'DTé results
on samples more lithium-rich than LijTe indicate that the lithium melting
point is not measurably depressed by the addition of tellurium.

s Lithium-Hydrogen-Metal Systems of Importance to Fusion Reactors

In the current designs conceived for deuterium-tritium fusion
reactors [the core reaction is 2D + 3T - 4He (3.5 MeV) + n (14.1 MeV)],
the reacting plasma is confined within a refractory metal vessel which is
surrounded by a circulating liquid-metal or molten-salt blanket. The
basic physical requirements for the blanket are that it must convert the
kinetic energy of the 14.1-MeV fusion neutrons into recoverable
heat and be able to regenerate (breed) tritium in order to make a tritium-
based fuel cycle economically feasible. Liquid lithium is uniquely
qualified to meet these requirements since, in addition to being an
excellent heat-transfer fluid and a suitable material for moderating fast
neutrons, both isotopes of lithium undergo nuclear reactions with neutrons
[6L1(n,a)T and Li(n,an')T] which regenerate tritium. The tritium will
dissolve in the liquid lithium to form a dilute homogeneous solution
(v10 ppm tritium). Prior to being recycled to the reactor core, most of
the tritium must be separated from the coolant. An accurate knowledge of
the thermodynamics of the Li-T system is necessary in order to predict the
chemical activity of the tritium dissolved in liquid lithium and to make a
reasonable evaluation of the conditions necessary for efficient separation.

Thermodynamic information on the Li-H, Li-D, and Li-T systems is
sparse. For the Li-H system, Hill” obtained a single hydrogen pressure
versus composition isotherm at 700°C, and Perlow® extended this work by

5 .
L. L. Hill, Ph.D. dissertation, University of Chicago (1938).
6 - . .
M. R. J. Perlow, Ph.D. dissertation, University of Chicago (1941).
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Table I-2. Summary of Thermal Data for Lithium-Tellurium System

Composition, Container

at.Z Li Material Method? Thermal Effects Noted,b el

0.0 (Te) Graphite DTA 449.7 (£0.5)

Q108 (CTe) Niobium DTA 450.0 (+0.5)

4.1 Quartz TA 423.6 (£0.5) 439.0 (%0.5)

540 Graphite DTA 423 SBREE0RS) <440.0

550 Niobium DTA 423.9 (+0.5) 4370 (E3.10)

7.4 Quartz TA

10.0 Niobium DTA 424,25 (:1.0) -

d kb Quartz TA

15.0 Niobium DTA &£23 57 (E1.0) 460.0 (+4.0)

5. Quartz TA 422.7 (£0.5) 441.5 (£1.0)

15 Quartz TA

19,7 Quartz TA 4233 (=055) 457.0 (£2.0)

20.0 Graphite DTA 28R OMCELS0) 459.0 (£1.0)
25 0 Quartz TA 422.4 (22.0) %459, 25(0.5)

25,0 (LiTe3) Quartz TA -2 459.0,.(£0.5)
%25.0 Graphite DTA G490 (E100) 461.0 (+2.0)

SR Graphite DTA 448.0 (£1.0) <460.0

34.9 Quartz TA 449.0 (+1.0) 499.4 (+2.0)

352 Quartz TA 448.6 (20.5) -

42.0 Graphite DTA 446.0 (£4.0) "470.0

66.7 (LiZTe) Graphite DTA >825.0

90.0 Niobium DTA alie{lts (Gl ) 8158 (1i0)
100.0 (Li) Niobium DTA 180.5 (#0.5)

2 DTA--differential thermal analysis; TA--heating or cooling curves.

The lower temperatures are presumed to be those of eutectic reactions
and correspond to the intersection temperature for DTA and thermal
arrests in heating or cooling curves. The higher temperatures are pre-
sumed to be liquidus crossings and correspond to peak temperature for
DTA and thermal breaks in heating or cooling curves.
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Heumann and
obtaining isothermal data at 770°C and 825°C. More recently,

Salmon’/ remeasured the 700°C isotherm. The 1arged§§;?teitoiotziiiag:ta
i isotherms make it difficu ;
and the insufficient number of isot il Pl 0

meaningful thermodynamic information, particu

rzzgo:g where currint interest is centered. Heumann an? Sélmon also
measured the dissociation pressures in the Li-LiD and Ll-L}T systems is
functions of composition at 700, 750, and 800°C. Here égaln the ;eiut;s )
are fragmentary and not readily amenable to the extractl?n offus? u e:mo
dynamic information for the conditions that will obtain in a fusion reactor.

In view of the paucity of data associated with the Fr%tium
inventory problems in the fusion-reactor blankets, we have 1n1t1a§e§
studies to obtain more comprehensive and reliable pressure-comp051F1?nT
temperature data for the systems Li-LiH, Li-LiD, and Li—L%T. The initial
stages of these studies will be focused on the determinétlon of‘(l) Fhe
activity of hydrogen (and later deuterium and tritium) in solutions in
liquid lithium over the temperature range 600 to 1000°C, and (2) phase
boundaries and interactions in 1ithium-hydrogen-refractory metal sysFems.
In later stages of the study, methods will be sought for a quantitative
separation of hydrogen from lithium, probably utilizing electrochemical
techniques for promoting hydrogen transfer through thin metallic membranes.

a. Activity Measurements (E. Veleckis, E. Van Deventer)

Hydrogen-activity measurements will be made using a tensi-
metric technique. A special apparatus (Sieverts' apparatus) has been con-
structed for the volumetric measurement and transfer of hydrogen. With
this apparatus, small, measured amounts of hydrogen can be consecutively
added to a reaction tube containing the lithium sample. Equilibrium
hydrogen pressures measured after each successive addition of hydrogen to
a known amount of lithium will provide a set of pressure-composition
isotherms from which the requisite thermodynamic data can be obtained.

The data will be correlated with existing theoretical treatments of
solutions of hydrogen in liquid metals.

The high-purity lithium to be used for activity measurements
will bg sealed in reaction tubes made of Armco iron. Meacham, Hill, and
Gordus recently demonstrated that, for the Na-H system, a crucible that
is only partially filled with sodium can lead to erroneous results due to
nonequilibrium conditions created by the formation of a solid hydride
either on the sodium surface or in the vapor space. They minimized this
problem by eliminating gas bubbles during the sealing of the capsule. 1In
the present study we intend to apply this method to seal lithium in thin-
walled iron tubes. The thermal expansion of lithium in the fully filled
tubes will be accommodated by flattening the middle portions of the tubes

7
F. K. Heumann and O. N. Salmon, The Lithium Hydride, Deuteride, and
Tritide Systems, USAEC report KAPL-1667 (1956).

8
§. A. veacham, E. F. Hill, and A. A. Gordus, The Solubility of Hydrogen
in Sodium, APDA-241, Atomic Power Development Associates (1970).
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to an elliptical cross section prior to their being filled with lithium.
A small correction will have to be applied to the results to take into
account the known? solubility of hydrogen in iron. _Iron was selected
because of its corrosion resistance toward lithium, low hydrogen solu-
bility, and the rapid diffusion of hydrogen in iron.

b Phase Equilibria Studies (V. A. Maroni, E. J. Hathaway)

Experiments have been initiated to study phase equilibria
and other interactions in lithium-hydrogen-refractory metal systems. The
results of these studies will be combined with data from the hydrogen-
activity measurements to determine phase diagrams and other important
thermodynamic properties for these systems.

Most of the experimental work involved in the phase-diagram
determinations will be carried out using conventional thermal analysis and
differential thermal analysis (DTA) techniques. The general method will
parallel that used by Messer et al.l2 to study portions of the lithium-
lithium hydride binary system. In a typical experiment, a sample of
lithium is sealed into an iron container, the iron container is placed in
a specially designed thermal analysis bomb, and the bomb is connected to
a hydrogen-transfer system (Sieverts' line). Incremental amounts of hydro-
gen are added to the bomb and allowed to react with the lithium. (The
hydrogen reaches the lithium by diffusing through the walls of the iron
container.) After each hydrogen addition, the partial pressure is allowed
to reach equilibrium, and cooling curves are recorded at constant pressure.
The composition at each thermal-arrest temperature is determined from the
equilibrium pressure using the results of the tensimetric studies described
inthe previous section. These temperatures and compositions are then used
to construct the lithium-hydrogen phase diagram. In subsequent experiments,
the effects (if any) of the presence of various refractory metals and
alloys on the phase boundaries will be determired.

The Sieverts' vacuum system needed for these experiments
has been constructed. A manostat has been designed and is partially
constructed. Construction of the manostat and the thermal analysis bomb
and testing of the entire system remain to be completed before the thermal
analysis experiments can begin.

3 P. D. Blake, M. F. Jordan, and W. I. Pumphrey, Iron and Steel Institute,

Spec. Rept. 73, p. 76 (1962).

M. F. Amateau, The Effect of Molten Alkali Metals on Containment Metals
and Alloys at High Temperatures, DMIC-169, Defense Metals Information
Center (1962).

R. W. Webb, Hydrogen Permeation Through Metals, NAA-SR-TDR-9844,
Atomics International (1964).

10

ikl

120. E. Messer, E. B. Daman, P. C. Maybury, J. Mellor, and R. A. Seales,

J. Phys. Chem. 62, 220 (1958).
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B. Theoretical Studies (H. Schnyders, H. M. Feder)

1. Noble Gas Solubilities in Liquid Metals

The behavior of liquid metals as solvents is %n many respects
quite unlike that of normal insulating liquids. As a first step toward
understanding the liquid-metal solvent problem, we have.chosen to study
noble-gas solutes. Since we can, with reasonable certainty, as§ert that
there are no bound states for the conduction electrons at the site of the
solute molecule, nor donation of electrons to the conduction band3 this
simplification allows us to ignore the charge-transfer effects which i
occur in most other alloys; these effects may obscure some of the behavior
which we wish to understand better. A model for the solution of noble
gases in' liquid metals has already been proposed by us13 and shown to
yield realistic results. In the following section, we will present an
improvement on that model, one which yields a better estimate of the con~
tribution of the dispersion forces to the molecular excess Gibbs energy
of solution, AgXS.

According to the model, Agxs may be set equal to the total rever-
sible isothermal work done in a sequence of three (conceptual) operations
which transfer a solute molecule from its standard state in the gaseous
phase into solution. These operations are as follows: (1) a solute
molecule from the gas phase is confined to a small volume, 6V, in which it
exerts a pressure equal to the internal pressure of the solvent; the work
done during this compression is denoted by weomps (2) a spherical cavity
of volume equal to 6V is created in the solvent; the work done to form
this cavity is denoted by wcay; (3) the molecule is inserted into the
cavity, and in so doing, an amount of work (of negative sign) denoted by
Wattr is done by the attractive forces acting between the solute molecule
and the surrounding solvent. The excess molecular free energy of solution
may be set equal to Weomp + Weav * Wattr-

The previously described method13 of estimating w,t¢y has been
improved. We still assume Watey to be well approximated by the Linder
formulal4 for the generalized potential due to induced dipole-induced
dipole forces, ¢4_4, felt by a single molecule (B) near or within a
macroscopic body (A),

5 i B
Vater = $a-a = T 38 = = o5(0) R, (0) &
wB+ mA

w?ere 4 is Planck's constant divided by 2m, o.(0) is the static electric
dipole polarizability of the molecule in quesgiog, Rp(0) is the static
reaction field due to the macroscopic body, and wg and wy are the

13 »
H. M. Feder and H. C. Schnyders in Chemical Engineering Annual Report--

1970, USAEC report ANL-7775, Section V.A.1.C (in press).

14 § .
B. Linder in Advan. Chem. Phys., Vol. XII, p. 225, J. 0. Hirschfelder,

ed., Interscience Publishers, New York (1967).
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frequencies at which the corresponding frequency-dependent functions
ag(w) and Ry(w) have dominant resonances. The reaction field within a
spherical cavity of radius a in a metallic conductor (assumed to be a
continuum) is

3

R, (0) = e (2)

and

1/2

222
Ty wp (3)

where wp is the plasmon frequency of the metal. In our previous calcula-
tions, we used a method, due to Langhoff and Karplus,l5 which fits optical
dispersion data for gases in such a way as to provide upper and lower
bound estimates for the resonant frequency, wg, of the solute molecule.
These two estimates were substituted into Eq. 1 to give corresponding
upper and lower bounds to w,i4,, and we chose the arithmetic mean of these
two values as our estimate of this quantity. However, this arbitrary
choice was found to be unnecessary since &y is conveniently related to the
London induced dipole-induced dipole coefficient Cy_g. (The attractive
interaction between a pair of molecules may be written as -C4q-q/r° for
large values of the intermolecular separation, r.) This relation is

Ciq = 7 o Lag(@1 )

Both ag(0) and C4_g are accurately known from various experimental data
on pure substances in the gas phase15»16, and Eq. 4 can be rearranged to
give a value for EB. We now believe this estimate of Wy to be a superior
one and have used it in revised calculations of Wy and ASS:

The recalculated solubilities of the noble gases are compared
with experimental values in Fig. I-5. Solubilities are presented in
terms of the Ostwald coefficient, A, the ratio of the concentration of
solute in the liquid phase to the concentration of solute in the gaseous
phase in equilibrium with it. The Ostwald coefficient, which may be
calculated from the relation Ag*® = -kgT 1n A, is related to the more
frequently quoted solubility S (in units of ppb/atm) by the equation

9M)\

S
$ = 10" 5% (5)

where d is the density of the solvent at the Kelvin temperature T, R the
molar gas constant, kg the Boltzmann's constant, and Mg the molecular
weight of the solute.

15
16

P. W. Langhoff and M. Karplus, J. Chem. Phys. 53, 233 (1970).
J. A. Barker and P. J. Leonard, Phys. Letters 13, 127 (1964).
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These calculations led us to believe that previously reported17
measurements of the solubility of krypton in liquid sodium were in-
accurate. This susgicion turned out to be correct as more recent experi-
mental solubilitiesl8 are about a decade higher and show a temperature
dependence more consistent with the measurements on other noble gases in
liquid sodium. The recent data on krypton solubility in liquid sodium
are displayed as open circles in Fig. I-5. The open squares, diamonds,
and triangles in Fig. I-5 reBresent the experimental data of E. Veleckis
et al. for helium,1 argon,2 and xenon2l in liquid sodium, respectively.
The data of K. Thormeier2? for helium and argon are designated by solid
squares and diamonds, respectively.

The calculated solubilities of the noble gases in liquid sodium
are displayed in Fig. I-5 as solid lines identified by the chemical
symbol for the noble gas. The overall agreement with experimental results
is reasonable but not perfect. Further refinements, such as consideration
of the effect of higher-order multipolar contributions to w,¢¢y, an
orthogonality correction to allow for the non-penetration of ionic or
solute cores by the conduction electrons, use of a soft-sphere equation of
state to estimate Wcomp, and use of a more accurate partition function to
represent the motions of a dissolved solute atom, are all expected to give
small, but not necessarily insignificant, contributions to AgXS. Inclusion
of these effects in our model may remove the remaining discrepancies.

2. Equation of State of Polarizable Soft-Sphere Fluids

The work done, w,t¢y, by the attractive forces acting between the
solute molecule and the solvent is a significant term in our model describ-
ing noble gas solubilities in liquid metals, but it is not the dominant
term. Consequently, the comparison of our calculated results with the
experimental data in these systems does not provide a means for ascertain-
ing the accuracy of our calculation of this term. It occurred to us that
many of the concepts employed in our model could equally well be applied
to a model description of the cohesive free energies of the pure liquefied
noble gases. The cohesive free energies for these materials are dominated
by the potential energy due to London dispersion interactions. The appro-
priate application of the Linder formula (Eq. 1) to this problem should

L S. K. Dhar, Solubility of Krypton in Liquid Sodium, in USAEC report

ANL-6900, p. 125 (1964).

& F. Cafasso and R. Blomquist, private communication.

- E. Veleckis and G. Redding in Chemical Engineering Division Annual Re-

port--1969, USAEC report ANL-7675, p. 64 (1970).

2 E. Veleckis, R. Blomquist, R. Yonco, and M. Perin in Chemical Engineer-

ing Division Semiannual Report--July-Dec 1966, USAEC report ANL-7325,
pLi1285(1967) .

E. Veleckis and W. A. Kremsner in Chemical Engineering Division Annual
Report--1970, USAEC report ANL-7775, Section II.A.3 (in press).

2k

o K. Thormeier, Atomkernenerg. 14, 449 (1969).
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23
serve as a farily sensitive test of its accuracy.

Consider one mole of a noble gas at temperature T and a molar
volume v,. The first step of our model process for the condensation of
this gas will be the (conceptual) discharging of the attractive inter-
molecular forces at constant density (See Fig. I-6). The result is one
mole of a gas of "soft" spheres (the molecules interact via long-ranged
repulsive forces only) at v, and T. The corresponding Helmholtz energy
change for this process is

= CAE 6
BA) = -Agien (6)
The second step is the isothermal compression of the soft-sphere fluid
from v, to the molar volume of the real liquid vy, which is accompanied
by a molar Helmholtz energy change of

v
AA, = AA = NS - A" 4 pT In B (7)
e comp L g v,

where A®® is the molar excess Helmholtz energy of a soft-sphere fluid
relative to the ideal gas at the same temperature and density. The

last term in Eq. 7 is the well-known entropic change accompanying the
compression of an ideal gas. In the third step, the attractive forces
between molecules assumed to be exclusively induced dipole-induced
dipole forces are '"turned on" at constant density with a molar Helmholtz
energy change,

1A
BAy = Agic (8)
The sum of Eqs. 6, 7, and 8 represents the molar Helmholtz energy at
condensation. The fourth step is the isothermal vaporization of one
mole of the liquid to the saturated vapor state (T,vg). The Helmholtz
energy change for this step is

DA, = BA, = G = B(BV) = -A(PV) (9)

since along the saturated vapor curve, the Gibbs energy change, AG
v

equals zero by definition. g

ap

The sum of the Helmholtz energy changes for the four steps in
the cyclic process must be zero, i.e.,

{2 G XS _ ,XS Z&

Adisp Adisp + A Ag +RT 1In v, = PS (vg - vl) =0 (10)
where we have replaced -A(PV) by -Pg (vg = vy ), Pg being the saturated
vapor pressure. For convenience, we shall consider only saturated vapors
at densities low enough for the ideal gas law to hold, i.e., P.v, = RT
(At greater densities of the vapor phase, one must use higher ir er te;ms

. A weak and inconclusive attempt was made by B. Linder
bl

33, 668 (1960); 34, 371 (1961). ¥ Chems Bl
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Fig. I-6. Helmholtz Energy Cycle for Model
Process of Condensation
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in the virial expression for Pg v,.) For these low-density vapors,
deviations from ideality being negligible, Ags and Ag}SE may also be
set equal to zero. One can then rearrange Eq. 10 as follows

RT r Svl (11)
3 XS 3 1k
= = + 1 + iL

Adisp AQ RT n Psvm RT

The left and right hand sides of Eq. 11 may be evaluated independently,
and the deviation from equality then serves as a measure of the accuracy
of our evaluation of Adisp' )
Consider the Linder method14 of approximati?g Adisp' For a
molecule B in the center of a spherical cavity of radlus.a in a solvent
continuum, the frequency-dependent reaction field Rp(w) is given by

2€A(w) =2 1

e el T
A ZEA(w) =l a3

(12)

where €,(w) is the frequency-dependent dielectric function for the solvent.
Substituting Eq. 12 into Eq. 1 gives us the potential ¢4_4 experienced by
each particle in the fluid. Charging the molecules to this potential at
constant volume V is equivalent to adding molecules (at the potential‘
appropriate to the density at the time of addition) until N, (Avogadro's
number) are added so that vy = V/N,. From Eqs. 1 and 12, it is clear
that ¢4-q is proportional to 3'3, which in turn is proportional to the
volume per molecule, so that ¢4-q may be set equal to CN/V, where N is
the number of molecules in V and C is a proportionality constant. Now
the Helmholtz energy change for the charging process of step three in the
Helmholtz cycle is given by the integral

2 g o c o

Adisp = Bgea = % b4_q (MW = 2 /0’ NN = 1/2 N_ ¢, (13)

e

The "solute" molecule B and the "solvent" molecule A being the same, aA is
equal to wps and we may substitute Eq. 1 into Eq. 13 to obtain

L G o -
Kisap ¥ Agoq = ~3/16 B B, 0, (0) R,(0) (14)

where Ry (0) is evaluated at the density of the liquid. Once again BA is
conveniently calculated by Eq. 4.

Linder and Hoernschemeyer24 have shown that there is a simple
approximation which allows both the reaction field and the cavity field
(which relates to the dielectric constant of the medium) within a
spherical cavity in a medium to be calculated in a way which is consistent
to the third order in polarizability. With the use of this approximation

S B. Linder and D. Hoernschemeyer, J. Chem. Phys. 46, 784 (1967).
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R(0) = 20 (K = —3) (15)

(o}

2
where 3 © = 4nN_ a(0)/3 vy, o is the effective hard-sphere diameter of the
molecule, and tﬁe quantity k is related to the pair-distribution function,
g(R), of the liquid by

-3

= 3 g
K = ‘[0 —E—r4 dr (16)

Combining Eqs. 12, 15, and 16, we obtain

L

¢ _ -2m “d-d 37

A o9 5 (o ~0) 17)
VR,U

L
Adisp

e

The value of k may be obtained either from the Fourier transform
of experimental diffraction data on the liquid or from some consistent and
reasonably accurate statistical mechanical approximation to g(r). The
integral in Eq. 16 is particularly sensitive to the details of how the
pair-distribution function rises from zero at the origin towards its first
peak at r = 1.120. The small r region of g(r), as obtained by transforma-
tion of experimental data, often includes spurious oscillations about
zero.26 These oscillations usually arise from termination errors in the
Fourier transform, i.e., lack of accurate experimental data at very high
scattering angles. Therefore, it seems preferable to use the best avail-
able theoretical model for the evaluation of k. _For this purpose, we have
chosen Verlet's molecular dynamics calculations on a fluid whose parti-
cles interact via a Lennard-Jones 12-6 pair potential,

12 6
u(r) = 4e <2) = <9> (18)
o T

where -¢ is the value of u(r) at its minimum (the bottom of the "well')
and ¢ is the crossing point of u(r), i.e., u(c) = 0. Using Rahman's cal-
culational technique, Verlet has determined the equilibrium paig distri-
bution function g(r) for such fluids at reducgd temperatures, T (= kt/e)
from 0.591 to 3.669, and reduced densities, p (= ¢ /Vl) from 0.450 to
0.880. We have taken the tabulated pair-distribution functions for 24 of
these thermodynamic states of the fluid and performed the requisite
integrations to obtain corresponding values for k. These values of «

&3 The subscripts distinguishing the solute and solvent will n?w be

dropped.

£ P. W. Schmidt and C. W. Tompson, Simple Dense Fluids, H. L. Frisch

and Z. W. Salzburg, eds., Academic Press, New York (1968).
L. Verlet, Phys. Rev. 165, 201 (1968).

27
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* * 28,29
were fitted to a function of T and p by stepwise regression.” ’ The
resulting expression is
* * *x -1/4 * *
K03 = 1+ ap + aP (T ) / + a2T p
(7)o
* * Q0 - kol /4
+ a,6M2 + a,0M2aHY (19)
where ap through a, are 2.517551, -2.87479, -0.056731, 1.057656, and
-0.534079, respectively, and
* 2m+1) 2 i
(o)) o = —= (T o r<—'2—> L ah 2 (20)
b W2 m=0

(This expression is accurate to better than one percent within the range
of Verlet's tables, but should not be extrapolated beyond that range.)

In obtaining Eq. 18, we took advantage*of the well-known property of

g(r), i.e., g(r) » exp [-u(r)/kT] as p~ + 0. In this limit, the defining
equation for « (Eq. 16) is exactly integrable30 in terms of a series of
gamma functions (Eq. 20). This constraint was applied in obtaining Eq. 19.
For the evaluation of k, use was made of the Lennard-Jones potential para-
meters, ¢ and €, derived from second virial coefficient data.

After the attractive interactions are turned off in the vapor
phase (step 1 in Fig. I-6), we are left with a fluid of particles which
interact via repulsive forces only. We shall assume a ''soft-sphere' re-
pulsive interaction of the form 4e (0/r),24 with € and o both chosen as
before. Such a choice is consistent, inasmuch as we believe the structure
of a fluid, as given by g(r), is basically determined by the repulsive
part of the pair potential between molecules. Because the structure of
liquid argon is well reproduced by the molecular dynamics results for a
fluid interacting with a Lennard-Jones pair potentialZ7,32 (Eq. 18) with

28 : 2
N. R. Draper and H. Smith, Applied Regression Analysis, John Wiley &
Sons, New York (1966).
29 A
M. A. Efroymson, Mathematical Methods for Digital Computers, Vol. I,

p. 191, A. Ralston, ed., John Wiley & Sons, New York (1960).

30

A. D. Buckingham and J. H. Pople, Trans. Faraday Soc. 51, 1173 (1955)%
31 G

H. Reiss, Advan. Chem. Phys. Vol. 9, p. 1, I. Prigogine, ed., Inter-
science Publishers, New York (1965); C. C. Lim, D. H. Bowman,

R. A. Aziz, Can. J. Chem. 46, 3477 (1968); G. Boato, Casanova,
Physica 27, 571 (1961).

32 L. Verlet, Phys. Rev. 159, 98 (1967).
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the parameters fit to second virial coefficient data in the gas phase,
we feel these parameters §ive an adequate description of the soft-sphere
pair potential 4e (c/r) The excess Helmholtz energy (relative to the
ideal gas at the same temperature and density), AE , for a soft-sphere
fluid interacting through a_4e (o/r) pair potential has been recently
calculated by Hoover et al. via the Monte Carlo technique. We have
fltteg their ta?ular values for (Axs/N kT)  to a polynomial in

=Ro /o (rH L

XS I 2 o] 4
£ o= b X B.X 4 b4k X (21)

where by through b, are 3.606420, 3.999548, 2.199512, and 3.963357,
respectively. This expression is accurate to better than 0.3% at all
points.

With the calculational methods described in the preceding
paragraphs, we may now be able to compare the right-hand side (RHS) of
Eq. 11 with —Ad q to test the accuracy of our estimate of the latter.
Table I-3 gives the values of the molecular parameters used in these
calculations. Table I-4 shows calculated values of -A4-q at two typical
points along the orthobaric lines of argon, krypton, and xenon. (These
are the noble-gas fluids for which quantum corrections are regarded as
negligible.) Several points are evident from an examination of the
tabulated results: First, to the extent that the RHS of Eq. 11 is
accurate (the oan important source of inaccuracy would be in the con-
stants, € and © and the form of the assumed repulsive potential),
the induced dipole—induced dipole free energy given by the Linder formula
(Eq. 17) is correct to better than 15%. An error of not more than 15% in
the attractive term, witty, from Eq. 1 is tolerable in the calculation of
the excess free energy of solution of a noble gas in a liquid metal at
the present stage of refinement.

Secondly, if, again, the RHS of Eq. 11 is accurate, then Eq. 17
appears to consistently understimate Aj;. ., by from 5% for argon to 15% for
xenon. This effect was not totally unexpected, inasmuch as the induced
dipole-induced dipole interaction is not the whole of the dispersion
energy, and contributions of the magnitude of the difference arise from
the higher-order multipolar interactions, e.g., the induced dipole-induced
quadrupole interaction. An effort is now being made to estimate these
additional contributions to A&is . In addition, an investigation must be
made into the question of whether the centering hypothesis implicit in
Eq. 12 is valid when the atom in question is thermally agitated away from
its position of lowest potential energy (vibrational effect).

Thirdly, Eq. 11 can be rearranged to permit a calculation of P .
This has been done and the results, with Ag_j substituted for Adlsp’ are®

33 W. G. Hoover, M. Ross, K. W. Johnson, D. Henderson, J. A. Barker, and

B. C. Brown, J. Chem. Phys. 52, 4931 (1970).
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Table I-3. Atomic Parameters of Noble Gases

Quantity Reference Argon Krypton Xenon
o, A 18 3.405 3.591 3.97
(e/k), °K 18 125.2 182.9 217
a,, atomic units® 3 11.091  16.740 27.340
C4_q» atomic units® 21 654 7= 80Ts 276.7

2 In atomic units, Ai=m=e =1,



Table I-4. Dispersional Helmholtz Energies of Argon, Krypton, and Xenon

Quantity Argon Krypton Xenon
TS K 87.21 120 119.8 160 165.05 220
Py g/cm3 (Ref. 34) 1.3998 15160 2.413 2.072 35057 2.642
(A:S), cal/mol 913 762 1202 1072 1829 1449
RHS (Eq. 11), cal/mol 1697 1290 2309 1871 3389 2594
(-Aﬁ_d), cal/mol 1617 1224 20075 1719 2884 2238
Ps(exp.), atm (Ref. 34) 1.00 11.98 1.00 10.0 1.00 10.0
P_ (calc.), atm 1.6 16.0 1.8 16.4 4.7 23.5
34

J. A. Barker and P. J. Leonard, Phys. Letters 13, 127 (1964) .
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compared with experimental values35 of Pg in Fhe last two rg¥§vzftZ:2lsf
I-4. Calculation of the orthobaric pressure is a very sens tie cohesive
the accuracy of any theoretical model employed to c?lculate ot
free energy of noble-gas liquids. In order to predict Yag?r go et
within 107%, free energy estimates must be accurate to wit in BT AL
It is not unlikely that accuracy of this order may be attained w
refinements indicated in the preceding paragraph are properly made.

= A. C. Hollis Hallett, Argon, Helium, and The Rare Gases, Vol 81

P. 324, G. A. Cook, ed., Interscience Publishers, New York (1961).
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II. MOLTEN SALT STUDIES
(Ba-ds Cairns)

Broad understanding of the physicochemical properties of molten
salts continues to be of importance because of their extensive use in
many AEC and industrial applications. The Chemical Engineering Division
has been conducting research relating to the thermodynamics of binary
and multicomponent salt and salt-metal systems. Investigations into the
structure of species present in molten-salt media are also being carried
out.

A. Thermodynamics

Experimental and theoretical studies dealing with molten-salt systems
have formed an on-going program in the Chemical Engineering Division.
Whereas most previous work has dealt with all salt or salt-metal systems,
recent work has concentrated on the behavior of systems involving the
interaction of salts and semimetals or nonmetals. This work has particu-
lar application in electrochemical energy conversion and storage devices
using alkali metal-chalcogen couples.

1. Thermodynamics of Pseudo-Ternary Lithium Chalcoginide-Chalcogen-
Alkali Halide Systems by EMF Methods

a. Selenium-Containing Systems (E. J. Cairns, G. H. Kucera,
Pt D." Hunt)

Ambiguities arising in attempts to correlate emf data from
reversible electrochemical cell work with phase diagram studies in lithium
selenide-selenium systems have shown that it is necessary to include the
influence of the electrolyte on emf cell behavior. The reason for this
influence is the significant mutual solubility of the halide electrolyte
and the lithium-rich liquid (Lp) in the lithium-selenium system. Con-
sideration of the electrolyte mixture as one component in a pseudo-ternary
lithium selenide-selenium-electrolyte (halide eutectic) system leads to a
phase diagram which is consistent with all of the experimental observations
on this system.

EMF measurements on the Li/LiBr-RbBr (eutectic)/Li in Se
cell at 360°C have been conducted in the high selenium-low salt composition
region using a modification of the Type II, three-compartment H cell which
has been described previously. Modifications were incorporated in the
cell in order to accommodate the selenium-rich compositions. As shown in
Fig. II-1, a cylindrical quartz displacement body was placed in the cathode
chamber to provide for increased selenium-to-salt ratios (nge/nge + ng) and
also to allow for accommodation of the lithium electrochemically trans-
ferred from the anode to the cathode compartment of the cell. A niobium

- Chemical Engineering Division Annual Report--1970, USAEC report
ANL-7775, Sec. V.A.l.a(l) (in press).

o Ibid., Section V.B.l.c.
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wire was attached to the displacement body (which is fully inserted into
the cathode chamber at the initial stage of each experiment) and passed
through a port provided in the Pyrex cap of the cathode chamber. The
displacement body was raised by making bends in the niobium wire through
the rubber coupling. The level of the electrolyte in the cathode compart-
ment was controlled by adjustment of the position of the displacement
body. Additional design changes from the cell described previously were
an increase in the cathode compartment capacity in order to contain more
selenium, employment of a double thickness of extra-fine (5-15 um) porous
quartz frit between the center and cathode chambers (to retard diffusion
of selenium), use of a thicker quartz wall (approximately 4 mm thick) in
the lower 15-cm portion of the anode compartment to accommodate some
lithium metal attack, and the addition of a small quartz barrier between
the cathode and center chambers to reduce the amount of salt necessary in
the cathode chamber.

The equipment used to measure and monitor the cell emf and
to supply the constant current necessary. for changing the composition of
the lithium-selenium alloy has been described elsewhere. The currents
used for discharging the cell were generally between 10 and 60 mA; however,
several compositional changes were effected successfully at 90 to 100 mA.

The emf experiments in the selenium-rich region of this
system did not include a detailed study of the temperature coefficieat of
emf. The sign of the temperature coefficient of emf was in accord with
previous observations at a nge/(nge + np) ratio of 0.384. That is, for a
lithium content xp; = npi/(npj + nge), below 0.13, (dE/dT) is positive; in
the range 0.15 to 0.28, (dE/dT) = 0; and for 0.32 and greater, (dE/dT) is
negative.

The emf values of three Li/LiBr-RbBr (eutectic)/Li in Se
cells as a function of cathode composition are presented in Fig. II-2 for
a temperature of 360°C. In the right-hand portien of Fig. II-2, the data
are presented on a linear scale of emf vs. atom percent of lithium in
selenium in the cathode compartment. The principal utility of this type
of plot is in locating the intersections of the straight-line regions at
the higher lithium concentrations. Comparison of the emf data show good
consistency among the data for cells of different nge/(nge + ng) ratios.
Notably, in the dilute-lithium region designated Lj + L3 (Lj, Lp, and L3
refer to liquid fields in the pseudo-ternary phase diagram; see Fig. II-4),
the slopes of emf vs. logarithm of composition exhibit the Nernst slope,
RT/nF corresponding to v63 mV/decade. This slope is required for a two-
electron (n = 2) reaction, which may be written: 2Li + xSe - LiZSex. In
the three-phase region labeled L; + Ly + L3, the slight downward trend of
emf vs cathode composition (whicﬁ should be horizontal for a three-phase
region in a three-component system) is thought to be caused by exchange of
rubidium and lithium at the electrolyte-cathode interface in the cathode
chamber. The formation of some RbjSey would be expected to lower the cell
potential slightly as the lithium concentration increases in the cathode
alloy. The discontinuous changes in the slopes dE/dln xyi denote the
locations of phase boundaries. For Cell No. 2164F-72, a change in slope
occurs at xXpj = 0.04; Cells No. 2258F-32 and 2258F-41 show phase boundaries
indicated by changes of slope at xp4 = 0.023, %74 = 0.252 and x4 = 0.298.
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Failure of the cell due to lithium attack on the anode compartment termin-
ated collection of emf measurements in Cell No. 2164F-72 at x4 = 0.12.
Cell No. 2258F-32 failed for similar reasons after reaching xp; = 0.02.

The integrity of Cell No. 2258F-41 was maintained through the Lj + L3 phase
field and into the region LigSe(s) + Ly + L3 (xp3 = 0.375). As in the L +
Ly + L3 region, this three-phase area emf should be invariant with respect
to composition in accord with the phase rule. The rubidium in the electro-
lyte could exchange with lithium in Lj, causing a slight downward trend
with increasing x i» particularly at high ng./(nge + ng) ratios. Experi-
ments conducted with _only lithium cations in the electrolyte have not shown
this downward trend. Another effect at high selenium-to-salt ratios was
the formation of appreciable amounts of solid Li,Se during discharge, which
require considerable periods of time for dissoluticn and, therefore, for
emf equilibration. At xpj = 0.34 and 0.375, the cell potential rose at
rates of less than 0.1 mV/hr as equilibrium was approached. The time re-
quired to obtain each measurement was 5 to 6 days.

The highest nge/(nge + ng) ratio studied was 0.903 (Fig.
II-3). Distinct changes in slope occurred at xpi = 0.008 and 0.152. The
slope for the low x;; region is in agreement with both the previous lata
obtained in the Lj + L3 region and the Nernst slope of RT/2F. After
passing through the L; + Ly + L3 phase region and into the L; + Ly region,
the cell potential continued to increase at a low rate (0.5 mV/hr) to
unreasonably high values. This behavior was probably caused by the
absence of L3 in the cathode compartment, resulting in a relatively large
driving force for the transfer of L3 (or electrolyte) from the center com-
partment into the cathode chamber, and conversely of Ly into the electro-
lyte contained in the center compartment. Under such circumstances, the
cell potential would be influenced by the composition in the quartz frit
separator rather than by the composition of the bulk of the cathode alloy.
To circumvent this problem, one could utilize a §olid lithium-ion-
conducting electrolyte, e.g., Li20-11 Al1703, which would prevent diffusion
of any material from the cathode compartment.

The various phase regions and boundaries determined by
changes in slope for the above-discussed emf versus composition plots can
be understood on the basis of the pseudo-ternary phase diagram shown in
Fig. II-4. The results shown in Fig. II-2 for nge/(ngse + ng) = 0.714
(Cell No. 2164F-72) correspond to a line parallel to the Lij;Se-Se side of
the diagram at 71.4 molZ Se in Fig. II-4. The values for xjj corresponding
to changes in slope (indicating phase boundaries) have been converted to
mole percent Li,Se. All available data are summarized in Table II-1.

Using these data, the phase boundaries shown in Fig. II-4 were located and
are found to conform with the results of thermal analyses37 and centrifuga-
tion experiments (See Section II.A.2 of this report).

It can be seen from Fig. II-4 that, at 360°C, Lj is selenium
containing small concentrations of salt (<0.02 molZ)38 and lithium

38 Chemical Engineering Division Annual Report--1970, USAEC report

AN1-7775, Section V.B.l.a. (in press).
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Table II-1.

Summary of Emf Data from Li/LiBr-RbBr(Eutectic)/Li in Se Cells at 360°C

Location of
Breaks in Emf

Mol 7% Li,Se at Phase Boundary Locations

Compositiol i
L L e N . A % (ool e
2097F-129 0-0.28 0.0838 0.105 0.493 - - - - ==
2097F-147 0-0.21 0.160 v0.21 ~n2.13 e el e 5 e ==
2097F-189 0-0.46 0.188 0.24, 0.335 2.96 4.72 - - - -
2164F-18 0-0.47 0.384 019580.27,;50532 - - 4.50 7.10 9.03 E=
2164F-72 0-0.12 0.714 0.04 - e 1.64 b4 ) —
2258F-32, 41 0-0.375 0.835 0.023, 0.252, - - 0.98 13.82 17.43 -
0.298
2258F-5 0-0.21 0.903 0.008, 0.152 == - 0.326 =— e 8.28
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(<0.5 mol %);38 Ly is a lithium-selenium-salt mixture containing the
equivalent of 13.5-17.5 mol % LiSe and up to 16 mol % salt; L3 is the
salt-rich phase with up to 5.5 mol % LijSe and up to 19 mol % Se. The
boundary between L; + Lp + L3 and Ly + Ly lies along the tie line from
the point 75.5 mol % salt, 19 mol % Se, g.S mol 7% LijSe, and the point
v16.0 mol % salt, 70 mol % Se, v14.0 mol % LipgSe. The LijSe(s) + Lp + L3
and Ly + L3 coterminus boundary lies along a tie line from the point
75.5 mol % salt, 17.5 mol % Se, 7.0 mol % LiZSe, and the point 16.0 mol 7%
salt, 66.4 mol % Se, 17.6 mol % LiZSe.
From the data in the L; + L2 region, such as those of
Fig. II-2, it can be determined that dE/dlnxjj = RT/2F, indicating that
two electrons and two lithium atoms are involved in the cell reaction,
2 1i + xSe > LijSeyx. The corresponding Nernst equation (with pure lithium
as the reference electrode) is

RT
N g
The activity coefficient ypj, has been calculated to be 6 x 10 32 from
the Nernst equation and resuits obtained from Li/LiBr-RbBr/Li in Se cells
at 360°C at lower nge/(nge + ng) ratios. Assuming the activity cceffi-
cient of salt in Ly and L3 to be constant, it has been possible to ceter-
mine the free emergy of formation, AGg, of LipSe (360°C). Using the
Gibbs-Duhem equation to correct the free energy of formation to the value
for unit activities of lithium and selenium, we find AGE = -94.0 kcal/mol
at 360°C.37 It can be shown that AGE for LiySe(s) determined from the emf
value where LijSe(s) begins to precipitate, namely 2.042 volts (see
Fig. II-2, Cell No. 2258F-41) is within approximately 0.3 kcal of the
value of -94.0 kcal/mol.

b. Sulfur-Containing Systems (E. J. Cairns, G. H. Kucera)

»
An experimental program to study the thermodynamic behavior
of the lithium sulfide-sulfur-lithium halide pseudo-ternary system by an
emf method has been initiated recently. The first consideration in these
studies has been the design of a suitable quartz cell. Since sulfur
(mp 119°C) is the lowest-melting, least-dense material in the cathode
compartment and has a vapor pressure that can be expected to vary from
10.2-0.9 atm®”’ for an operating temperature range of 360-440°C, a special
cathode chamber was required in order to minimize sulfur losses (which
would alter the cathode composition). Normal cell operation includes an
evacuation of the quartz assembly during the initial heating of the cell
to remove entrapped gases in the electrolyte and in the quartz frits.
This makes it necessary to incorporate into the cathode holder a way of
preventing the transfer of sulfur vapor to cooler regions of the cell
assembly. In the chosen cell design (Fig. II-5), the cathode holder can
be sealed under vacuum after being loaded. The cathode holder is pro-
vided with a break-seal which can be ruptured when the electrolyte

Vi R. E. Honig, R.C.A. Review 23, 567 (1962).
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(mp 341°C) surrounding the holder is molten. The cell assembly, which
contains high-purity helium at a pressure of about one atmosphere,
consists of three separate compartments with a quartz frit between the
anode and cathode chambers to act as a diffusion barrier.

Generally, the emf cells have utilized a lithium-soaked
Feltmetal sponge as a reference electrode;37 however, evidence of
lithium attack on the anode chamber walls has been found in these cells
when the operating temperature has approached “v400°C. The reduction of
the lithium activity in the electrolyte in this series of emf
cells therefore becomes an important consideration. The use of a solid
lithium-aluminum alloy as the counter electrode and reference electrode
can be considered as a reasonable approach to this difficulty.

A lithium-aluminum alloy electrode was prepared by the
electrochemical transfer of lithium into a solid cylinder of aluminum
until a composition of V42 at.?% lithium in aluminum was obtained. The alloy
electrode thus prepared, which had a surface area of V24 cm%, was capable
of delivering current densities of 170 mA/cm?. Normal emf cell operation
will require current densities of n2 mA/cm? from this electrode to
achieve the cathode alloy compositional changes.

Since the experimental cell will be operated over a range
of temperatures, a study of the temperature dependence of the emf of the
lithium-aluminum electrode versus a pure lithium electrode was made. A
plot of the emf data collected over the temperature range 357-521°C, shown
in Fig. II-6, resulted in a straight line and will be used to convert the
emf obtained from Li(Al)/S cells to the emf of the corresponding Li/S
cell. An extrapolation of the emf data collected by N. P. Yao et al.,
who studied the same system over a temperature range of V280-390°C, is
found to coincide with the data obtained in olr study.

Since solubility studies indicate a marked increase in the
solubility of the sulfur in the LiBr-RbBr eutectic electrolyte in the
presence of lithium sulfide, it will be necessary to include the in-
fluence of the electrolyte on the behavior of these emf cells. A similar
situation was seen in the lithium/selenium system, where it was necessary
to consider the cathode not as a simple binary system but rather in terms
of a pseudo-ternary system consisting of lithium selenide, selenium, and
the alkali halide eutectic electrolyte.

2% Phase Diagram of the Pseudo-Ternary Lithium Selenide-Selenium-
Alkali Halide System (V. A. Maroni, E. J. Hathaway)

Phase-equilibrium studies have been conducted to determine the
compositions of the terminal phases in the LizSe—Se—(LiBr—RbBr eutectic)
pseudo-ternary system. Some difficulties in separating the various

- N. P. Yao, L. A. Herédy and R. C. Saunders, J. Electrochem. Soc. 118,
1039 (1971).
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liquid and solid phases were encountered in early experiments. In parti-
cular, the LijpSe-rich and salt-rich liquid phases appeared to form
emulsions in one another and would not separate even after standing times
of up to several days. To effect the separation of the phases in equili-
brium samples, a high-temperature centrifuge assembly, similar in design
to one described by Friedmann,'~ was constructed. A drawing of this
assembly is shown in Fig. II-7. Samples of the desired composition were
loaded into quartz tubes, sealed under vacuum, and equilibrated at
temperatures of about 400°C in a rocker furnace for times in excess of

24 hr. The equilibrated samples were then removed from the quartz tubes,
ground to a fine powder, and loaded into special quartz ampuls, which were
placed in metal holding buckets. The buckets were then attached to the
centrifuge. The samples were heated to 360°C and centrifuged for 8 to 10
hr periods at speeds in excess of 1200 rpm and with a minimum centrifugal
force on the sample of 100 g. The temperature in the sample compartment
of the centrifuge was found to vary by less than 2°C during operation.
After centrifugation, the holding buckets (containing the ampuls) were
removed from the mounting collar and immersed in liquid nitrogen. In most
cases all of the samples could be removed from the centrifuge and quenched in
less than 2 min from the time at which the furnace was opened. Centri- '
fuged samples consistently showed nearly quantitative separation of all of
the constituent phases. The selenium-rich liquid (liquid 1) was always
found to be the most dense phase with the LijgSe-rich liquid phase (liquid
2) intermediate and the salt-rich phase (liquid 3) the lowest-density
phase. In cases where solid Li,Se was present, it appeared in the upper
portion of the salt-rich liquid phase.

To determine the appropriate compositions of the phases in
equilibrium in a particular region of the phase diagram, samples from
that region were centrifuged and portions of each of the separated phases
were submitted for chemical analysis. With this technique, the composi-
tions of the terminal phases were only roughly located (+5%) due to uncer-
tainties in the analytical techniques. To pinpoint the locations of the
phase boundaries more accurately, mixtures of Lij,Se, Se, and LiBr-RbBr
eutectic with compositions in the vicinity of the analytically determined
values for the terminal phases were equilibrated, centrifuged, and
examined microscropically until a nearly single-phased sample was produced.

Thus far, as a result of these studies, the compositions of the
corners of the three-liquid region have been located and the number and
types of phases present at various locations throughout the diagram have
been determined. These results are plotted in Fig. II-4 together with
results from DTA, emf, and quenching studies; the data from the centrifu-
gation experiments appear to be in good agreement with the results of
other studies.

B. Structure Investigations by Spectroscopic Methods (V. A. Maroni,
E. J. Hathaway)

The program of Raman spectroscopic studies has added much to our
knowledge of the structure of molten salts. The existence of complex
equilibria in Mg(II)- and Pb(II)-halide systems has been demonstrated,

41 H. A. Friedman, J. Sci. Instrum. 44, 454 (1967).
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and in some cases the structures of the predominant complexes have been
elucidated. Studies of polyatomic anions and their interaction with
various cations in the molten state have revealed pertinent information
on the nature of contact "ion-pairs" and cation polarization effects.
These studies contribute to a better understanding of transport proper-
ties, distribution coefficients, and phase-equilibrium behavior in molten-
salt systems. Recent results have been of particular importance to
nuclear fuels reprocessing programs, studies of species in contact with
liquid sodium, and systems of potential utility as galvanic cell cathodes.

The program of structural studies by Raman spectroscopy has been
greatly facilitated over the past year by the acquisition of a powerful
multifrequency laser, the Coherent Radiation Laboratories MG-52 mixed
gas (argon-krypton) ion laser. With the new laser, the sensitivity of
the spectrophotometer has been increased by over an order of magnitude,
and our ability to examine colored solutions has been expanded.

i Studies of Divalent Metal Halide Melts

Raman investigations of divalent metal halide melts have con-
tinued with the completion of studies on the MgBr)y-KBr, MgIp-KI, PbCl)-
KCl, and PbBrp-KBr systems. The results of Raman spectroscopic and normal-
coordinate 2xaminations for the MgCl-KCl system (reported previouslg in
ANL-7775, Section V.B.2) confirmed the existence of tetrahedral MgC14'
These studies have since been extended to include MgBry-KBr and MgI,-KI
melts. Complete Raman spectra of MgBrZ" and MgIZ‘, obtained for melts
with a halide/magnesium (II) mole ratio of 4.0, are shown in Figs. II-8
and II-9, respectively, and the observed frequencies are listed in Table
I1-2. As in the case of MgCly , one high-intensity polarized band and
three low-intensity depolarized bands are observed for the bromide and
iodide complexes. Normal-coordinate analyses were carried out for each
of these species based on a tetrahedral configﬁration and using a Urey-
Bradley force fiel1d*? with the conditions F” = -0.1F and H = 0. Matrix
elements used in the calculations were identical _to those §iven by
Nakamoto.43 The calculated frequencies for MgBrZ' and MgI/~ are_given
in Table II-2 together with those previously determined for Mgcl4_, and
the force constants for all three species are listed in Table II-3. Using
the known relationships

£ La3f = K + 4F (1)
e T

f - f = K+ 1.2F (2)
r Y

and the results in Table II-2, the value of the generalized valence force

42 K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds,

p. 55, John Wiley & Sons, New York (1970).
Ibid., p. 318.

43
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Table II-2. Observed and Calculated Frequencies for MgXZ-

(X = Cl1, Br, and I)

4
o a =1
Frequencies, cm
2- 2- 2-
Symmetry MgClL MgBr_,1 MgIL
Species Observed Calculated Observed Calculated Observed Calculated
V1 (Al) 250 p 250 150 p 152 111 p 114
vy (E) 94 dp 92 50 dp 52 40 dp 38
vy (FZ) 325 dp 325 282 dp 282 263 dp 262
Yy (FZ) 130 dp 132 83 dp 79 59 dp 5)2)
a

p = polarized, dp = depolarized.

—907_



Table II-3. Force Constants and Bond Orders for MgXi_ (X = C1, Br, and I)

o
Force Constants,a millidynes/A

° N,
Complex K H F d, A XMg XX Bond Order
Mgc1§' 0.669 0 0.158 2.35 1.2 3.0 0.55
MgBr, 0.629 0 0.113 2.50 1.2 2.8 0.52 .
&
Mglz_ 0.584 0 0.095 2.69 1.0 2.4 0.54 '

2 Urey-Bradley Force Constants: *
Mg-X bond stretching constant.
X-Mg-X bond bending constant.

K
H
F

X..

..X repulsion constant.
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constant, f_, for each ngz- specieiawas determined. The following
empirical eéuation derived by Gordy

d2 /4 3)
N = 0.6 (fr - 0.3) XMg

o
i lectro—
where d is the Mg-X bond distance in A and Xy and Xy are there
negativities of the bonded atoms, was then uséd to compute the bond order,

N, for the Mg-Cl, Mg-Br, and Mg-I bonds. The values of d (sum of.the
covalent radii), Xy and Xy, used in this calculation, are given in
Table II-3 along wigh the computed values of N.

The observation of four Raman-active bands (one polarized and
thrse depolarized) is consistent with the existence of a tetrahedral
MgX;~ species in each of the magnesium halide systems studied. The
excellent agreement between observed and calculated frequencies obtained
with the simplified Urey-Bradley force field adds support to the conclu-
sion of this study (and an earlier one™’) that these species are indeed
tetrahedral. For tetrahedrally coordinated Mg(II) ions, one would expect
bond orders of around 1/2, which is in good accord with the calculated
values in Table II-3.

The existence of complex ions in PbX,-KX melts (X = Cl and Br)
has been investigated by Raman spectroscopy using the MG-52 ion laser for
excitation. Attempts to study these systems using the He-Ne laser were
relatively unsuccessful due to the much poorer signal-to-noise ratios that
resulted from use of the 6328 A line. Much better defined spectra were
obtained when the 5682 A line of the MG-52 laser was used for excitation.

The results of a grevious Raman study of PbClp-KCl melts by
Balasubrahmanyam and Nanis46 yere interpreted by them in terms of the
existence of a pyram%dal PbCly~ species for c11=/Pb2* mole ratios_from
2.5 to 3.0, and PbCl;~ with distorted tetrahedral geometry for Cl _/Pb2+ =
4.0. Their interpretation was based on the reported observation of four
Raman bands for melts containing 67 and 50 mol % PbCl, in KCl and nine
Raman bands for a melt containing 33 mol 7% PbCl2 in KC1.

We observed no Raman bands for pure molten PbClj, in agreement
with the results of Balasubrahmanyam and Nanis. When additions of KCl were
made to the PbCly melts, a single polarized band was observed in the region
from 200 to 240 cm™~. This band, centered near 218 cm_l, appeared to
increase in intensity as the C11=/Pb2* mole ratio was increased from 2.3
to 4.0. This behavior is illustrated in Fig. II-10. No other bandi were
detected in the spectra of any PbC1,-KCl melts in scans from 70 cm -~ to
700 cm™l. Scans of the region from 200 to 240 cm~! with reduced slit

44
- W. Gordy, J. Chem. Phys. 14, 305 (1946).
V. A. Maroni, E. J. Hathaway, and E. J. Cairns, J. Phys. Chem. 75,
155 (1971). _
46

K. Balasubrahmanyam and L. Nanis, J. Chem. Phys. 40, 2657 (1964).
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Fig. II-10. Raman Spectra of PbClp-KC1l Melts: (a) 33 Mol 7 PbCl2 in KC1
at 590°C, (b) 50 Mol % PbCly in KC1 at 520°C, (c) 75 Mol %

PbCl2 in KC1 at 520°C, (d) Pure Molten PbCl2 at 520°C
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widths failed to resolve the 218 ctn-1 band into more than one component.
We did not observe the series of bands reported by Balasubrahmanyam and
Nanis for C117/Pb2* mole ratios in the range 2.5 to 4.0.

Similar results were obtained for the PbBry-KBr melts, as shown
in Fig. II-11. An extremely weak, polarized band was observed in pure
PbBrp. This band, centered near 144 cm™-, increased in intensiE as the
Brl-/Pb2+ mole ratio was increased from 2.0 to 4.0. The 144 cm™~ band
was the only detectable vibrational frequency in any of the PbBry-KBr
spectra between 60 and 700 cm™~. In the investigations of both the
PbC1l2-KC1l and PbBrp-KBr systems, Raman spectra were recorded over the
temperature range from 390 to 590°C, where the melting temperatures of
the individual compositions permitted. The spectra recorded for each
composition were invariant with respect to temperature, although in some
cases the bands became slightly broader at the higher temperatures.

Pure molten PbCly and PbBrp appear to have very little bonded
structure. The single polarized band observed in the systems PbClp-KCl
and PbBr)-KBr, which increases in intensity with increasing amounts of
potassium halide up to 67 mol % KX in PbX,, is attributed tg the symmetric
stretching motion of a simple species of the type PbCln(z_n .« In the
absence of additional vibrational bands, it is not possible to deduce a
structure for this species. Nevertheless, the results of this study sub-
stantiate the conclusion drawn from previous investigations of electrical
conductance, 7 viscosity,48 emf,49’58 and vapor pressure,--*? that complex
ions exist in PbCl3-KCl and PbBry-KBr melts.

2. Studies of Alkali Metal Amides

o

Raman spectra of NaNH253 have been recorded using the 5145 A line
of the MG-52 laser. Spectra recorded for the melt (at 220°C) and the
solid (at 25°C) are shown in Figs. II-12 and II-13, and the band frequen-
cies are listed in Table II-4. The Eolarized bands at 3218 and 1550 cm™1
and the depolarized band t 3267 cm -~ are assigned to V], Vg, and v3,
respectively, for the NH ion with a bent structure having Cj, point
group symmetry. The bands at 500 and 225 cm™l in the liquid may be due to
residual lattice modes persisting into the melt or to hindered rotation of
the amide groups. It is not likely that these bands arise from impurities
since the batch from which samples were drawn analyzed at 96% NaNH, .

47
M. F. Lantratov and O. F. Moiseeva, Zh. Fiz. Khim. 34, 171 (1960).

:: I. G. Murgulescu and St. Zuca, Rev. Roum. Chim. 10, 129 (1965)=
M. F. Lantratov and A. F. Alabyshev, J. Appl. Chem. USSR English Transl.
26, 235 (1953).

jg H. Bloom and A. J. Easteal, Aust. J. Chem. 18, 2039 (1965).
J. L. Barton and H. Bloom, Trans. ‘Faraday Soc. 55, 1792 (1959).

52
H. Bloom and J. W. Hastie, Aust. J. Chem. 21 ;- 583 K(1968)

53
NaNH; samples were prepared and analyzed by John Allen of the Chemistry
of Liquid Metals Group.
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Fig. II-11. Raman Spectra of PbBry-KBr Melts: (a) 33 Mol % PbBrp in
KBr at 560°C, (b) 50 Mol % PbBry, in KBr at 5205C, " (c) 85
Mol 7% PbBr2 in KBr at 520°C, (d) Pure PbBrp at 520°C
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Fig. II-12. Raman Spectrum of Molten NaNH, at 220°C with 5145 A Exciting Radiation;
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Fig. II-13. Raman Spectrum of Solid NaNH2 at 25°C with 5145 A Exciting Radiation; Sensitivity = 10—9 A
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Table II-4. Raman Data for Solid and Molten (220°C)

=] a
Frequencies (cm )

NaNHz,
Liquid Solid
3267 dp 3267
3218 p 3218
1550 p 1531
i 8
= X374 Sh

225 dp =

a

p = polarized, dp = depolarized, Sh = shoulder.

The spectrum of the solid above 1000 cm_1 is the same as_that of
the liquid, the only exception being that the v, mode at 1550 em ! for
the liquid is shifted to 1531 cm~l for the solid. In the frequency regioT
below 1000 cm™*, however, there are significant differences. The 500 cm_
band for the liquid is split into two components for the solid, at 540
and 475 cm‘l, and the 225 cm™ ~ band found in the liquid spectrum is miss-
ing_in the spectrum of the solid. There is also a weak shoulder at 374

cm — in the spectrum of the solid which does not appear for the liquid.

_, If the bands at 540 and 475 crn_l for the solid and the band at
500 cm ~ for the liquid arise from lattice-type motions, the indication
is that packing in the solid at 25°C is different from that of the liquid
at 220°C. Preliminary differential thermal analysis studies of NaNH, have
indicated an endotherm at 160°C (melting point of NaNH, is 1208°C), which
may be due to a phase transition in the solid. If this is the case, the
bands at 540 and 475 cm™! for the solid probably coalesce into a single
band at 500 cm™~ near 160°C. Further Raman experiments will be conducted
in the near future to determine the temperature at which this phase
transition occurs and the nature of the transition.
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III. NUCLEATION STUDIES

(J. G. Eberhart)

A study has been initiated of the homogeneous nucleation of vapor
bubbles in superheated liquids. An apparatus has been designed and is
under construction for the determination of the limit of superheat. The
design is of the type used by Wakeshima and Takata,54 as modified by
Skipov et al.””: and Blander et al.37 1In this type of apparatus
droplets of the test liquid are allowed to rise through a column of a
second heating liquid, which is subjected to a temperature gradient that
increases vertically. The heating liquid boils at a higher temperature
and is more dense than the test liquid, and is immiscible in it. When
the droplet reaches the limit of superheat, it bursts. The limit of
superheat is then determined directly by moving the junction of a thermo-
couple probe to the point in the column where the vaporization occurred.

Initial experiments will attempt to regroduce some existing superheat
determinations on various hydrocarbons.sa' 1 Experiments will then be
performed on binary mixtures of normal alkanes. In the homogeneous
nucleation of these mixtures, the diffusion of the more volatile component
through the liquid and into the bubble is important. Blander et al.

have observed that as the mixture is diluted with the less volatile com-
ponent, the limit of superheat increases and the rate of nucleation 2
decreases. They have also extended the nucleation theories of Zeldovich
and Kagan 3 to include binary liquid mixtures. One of the purposes of
this study is to extend the concentration range and the variety of systems
on which superheat measurements have been made35,57 in order to test the
mixture theory quantitatively. This extensiom of nucleation theory to
mixtures should make the theory more useful in dealing with nucleation
phenomena in reactors, such as fission product release.

54
55
56,

H. Wakeshima and K. Takata, J. Phys. Soc. Japan 13, 1398 (1958).
V. P. Skripov and V. I. Kukushkin, Russ. J. Phys. Chem. 35, 1393 (1961).

V. P. Skripov and E. N. Sinitsyn, Sov. Phys. Usp. English Tramsl. 7,
887 (1964-65).
57

M. Blander and D. Hengstenberg, Science Center, North American Rockwell
Corp., Thousand Oaks, Calif., and J. L. Katz, Clarkson College of
Technology, Potsdam, N. Y., submitted to J. Phys. Chem.
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59
60,

V. P. Skripov and G. B. Ermakov, Russ. J. Phys. Chem. 37, 1047 (1963).
V. P. Skripov and G. V. Ermakov, Russ. J. Phys. Chem. 38, 208 (1964).
V. P. Skripov and E. N. Sinitsyn, Russ. J. Phys. Chem. 42, 167 (1968).
61E. N. Sinitsyn and V. P. Skripov, Russ. J. Phys. Chem. 42, 440 (1968).
62Ya. B. Zeldovich, Acta Physicochim. U.R.S.S. 18, 1 (1943).

63Yu. Kagan, Russ. J. Phys. Chem. 34, 42 (1960).
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The surface tension is a key parameter in the theoretical expres-
sions®7562,63 for calculating the rate of nucleation or the limit gz_%%per-
heat. The surface tensions of a few binary normal alkane mix;urzsf ;
have been measured, but not at the elevated temperatures requ re ?
superheat measurement and not for all the systems that might be of interest
for this study. It was decided to seek a technique for estimating the
surface tension of these mixtures in preference to a program of surface-
tension measurement. Such a method has been devised and is described here.

Aveyard65 and Schmidt67 have pointed out that the surface tension of
normal alkane mixtures is well represented by an empirical mixing rule
proposed by Eberhart68 of the form

ek = (leY; + sz;)/(SXl + %) @®

where yz is the surface tension of the pure Zth component, X is the mole
fraction of the Zth component in the mixture, S is a constant at a given
temperature, and © = 1 and 2. Normal alkane mixtures display a pos}tive
deviation from linearity in y versus x,, and thus S < 1 when Ya=catos
Aveyatd65 has tabulated S values for seven different normal alkane mixtures
at 20°C. Figure III-1 shows that S correlates well with the parameter

e = (YE = Yi)/(Y; + Yi). The curve passes through the point (0,1) because
when © = 0 the two components are identical, and thus S = 1 since there is
no deviation from linearity in y versus Xp. The curve in Fig. III-1 is
obtained from a regression analysis of

8w g (2)

which yields A = 1.07 + 0.02 and C = 8.5 + 0.8. This relationship provides
the S values necessary for estimating the surface tension of normal alkane
mixtures at 20°C. Convenient compilations of the surface tension of pure
normal a%kanes as a function of temperature are available®9 which provide
Y1 and vy for Eqs. 1 and 2.

64
J. Koefoed and J. V. Villadsen, Acta Chem. Scand. 12, 1124 (1958).

65
R. Aveyard, Trans. Faraday Soc. 63,2778 (1967).

66 .
R. L. Schmidt and H. L. Clever, J. Colloid Interface Sci. 26, 19 (1968).

67
R. L. Schmidt, J. Phys. Chem. 71,1152 (1967):

68
J. G. Eberhart, J. Phys. Chem. 70, 1183 (1966).

69 Fion
"Selected Values of Physical and Thermodynamic Properties of Hydro-
carbons and Related Compounds," Vol. 2, American Petroleum Institute
Re§earch Project 44, Thermodynamics Research Center, Texas A & M
University, College Station, Texas- (1954).
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Fig. III-1. Relationship Betewen Mixture Parameter S and Surface
Tension of Pure Components for Normal Alkane Mixtures
at 20°C; Key for Experimental Points Indicates Number
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The determination of S by Schmidt69 for the mixture of normal alkanes
containing 12 and 6 carbon atoms per molecule (12/6 mixture) over the
temperature range 25 to 40°C suggests that S may be constant over a suffi-
ciently wide temperature range to be useful for estimation purposes. Thus
in Eq. 1, a useful approximation is to ascribe all the temperature depen-
dence of y to yz. The temperature dependence of the pure normal alkanes
is

Y; = v e cSEiTiE 3

where y;(O) is the surface tension at absolute zero, T is the absolute
temperature, T, is the critical temperature, and p is a constant. Thus
surface tension data can be conveniently interpolated or extrapolated with
log-log plots of YE versus 1 - (T/T.). With the values of Yi and YE thus
obtainable as a function of temperature and values of S at 20°C available
from Eq. 2, the surface tension of normal alkane mixtures can also be
estimated at other temperatures from Eq. 1.






